Rad23 proteins function in both DNA repair and protein stability regulation. As ubiquitinated forms of p53 are stabilized after DNA damage in concert with p53 functional activation, and human Rad23 proteins (hHR23A and B) regulate p53 stability in unstressed cells, the role of hHR23B in post-genotoxin regulation of p53 was investigated. Depletion of hHR23B by specific short interfering RNA before genotoxic exposure attenuated p53, p21 and bax induction, abrogated the accumulation of ubiquitinated p53 and suppressed apoptosis. Expression of ubiquitin derivatives with all lysines mutated except K48 or K63 demonstrated that K48-linked p53-ubiquitin conjugates were specifically induced after DNA damage. hHR23B, along with native and ubiquitinated p53, accumulated in chromatin after genotoxic exposure, and the accumulation of ubiquitinated p53 in chromatin was prevented by hHR23B depletion. Chromatin immunoprecipitation analysis demonstrated that hHR23B and p53 both localized to the p21 promoter shortly after DNA damage. hHR23B thus plays a critical role in the activation and function of p53 after specific genotoxic exposures.
Introduction
The Rad23 family of proteins integrate DNA repair with the ubiquitin (Ub)-proteasome system. They participate in global genome-nucleotide excision repair (GG-NER) by interacting with and stabilizing Rad4/ XP-C, whereas a conserved ubiquitin-like (UbL) domain recognizes the proteasome and C-terminal ubiquitin-associated (UBA) domains capture polyubiquitin-conjugated proteins (Sweder and Madura, 2002; Ng et al., 2003; Ortolan et al., 2004; Xie et al., 2004; Hsieh et al., 2005) . Type II UbL proteins, such as Rad23 and Dsk2, may serve as receptors for proteasome substrate recognition (Verma et al., 2004) , but can also interfere with the degradation of ubiquitinated substrates, as well as block deubiquitinases, if in stoichiometric excess (Raasi and Pickart, 2003) .
Human Rad23 proteins (hHR23A and B) can specifically modulate p53 abundance and stability. Depletion of hHR23A and B with short interfering RNA (siRNA) results in more rapid degradation of p53 by the proteasome, whereas their overexpression induces the accumulation of ubiquitinated p53 (Glockzin et al., 2003; Brignone et al., 2004) . These seemingly paradoxical effects of hHR23 proteins on p53 degradation are consistent with suggestions that the effects of Rad23/hHR23 on degradation are highly sensitive to stoichiometric variation (Raasi and Pickart, 2003; Verma et al., 2004) . Additionally, hHR23A and B interact with mouse double minute 2 (MDM2), where MDM2 functions to antagonize the stabilizing function of hHR23 toward p53, directly promoting p53 recognition and degradation by the proteasome (Brignone et al., 2004) . This model has been recently bolstered by the finding that MDM2, itself, contacts the 20S core particle of the proteasome (Sdek et al., 2005) .
Ubiquitination of p53 is generally considered as an inhibitory negative signal that leads to the protein's destruction (Harris and Levine, 2005) . Although transient increases in polyubiquitinated p53 have been observed after ionizing radiation (Maki and Howley, 1997) , the mechanism of accumulation and function, if any, of these species remains unclear.
The present study was initiated to investigate the role of hHR23B in regulating p53 turnover and p53-dependent cellular responses after DNA damage. hHR23B was required for normal kinetics of p53 activation after DNA damage, and its depletion attenuated p53 target gene activation and apoptosis. Ubiquitinated p53 and hHR23B were observed in chromatin after DNA damage, in a manner dependent on physiological levels of hHR23B. hHR23B was colocalized with p53 at the p21 promoter after DNA damage, suggesting that ubiquitinated p53 species, protected by hHR23B, might function in p53 transcriptional responses.
Results and discussion
Physiologic hHR23B levels are required for normal p53 induction after DNA damage As hHR23 proteins play an important role in both DNA repair and the regulation of p53 stability (Sweder and Madura, 2002; Brignone et al., 2004) , the effect of siRNA-mediated knockdown of hHR23B after treatment of cells with different DNA-damaging agents was investigated. U2OS cells were exposed to control or hHR23B siRNA and then mock-treated or treated with doxorubicin (Dox), UV, etoposide, gamma irradiation (IR) or mitomycin-C (MMC) for 3, 6 or 16 h. The doses of each agent (except for IR, which was not cytotoxic for U2OS) were those in the linear range for cytotoxicity (Supplementary Figure S1) . For each time point, cell lysates were analysed by immunoblot for levels of hHR23B, p53 and the p53 target genes bax and p21 (Figure 1a-e) .
In all samples, hHR23B knockdown was evident ( Figure 1a -e), although at late time points after MMC or UV treatment, the control levels of hHR23B also reproducibly decreased, as a likely normal cellular response to these particular stresses (M Kaur and S Grossman, unpublished observations). In those samples, hHR23B knockdown was still seen, but to a lesser degree owing to the lower baseline amount (Figure 1b and c) . In control siRNA-treated cells, p53 abundance increased 4-12 h before bax or p21 induction was noted (Figure 1a-c) , except for the rapid induction of both p53 and p21 after etoposide and IR (Figure 1d and e) .
Notably, in certain cultures, levels of p21 were high at baseline, but then decreased early after DNA damage, followed by an expected increase, usually at 16 h after treatment (Figure 1a and c) . This finding provided a useful control for the effect of hHR23B depletion on p21 levels independent of p53 induction. As can be seen in Figure 1a and c, hHR23B depletion resulted in no significant change in p21 levels at baseline. As for the transient decrease in p21 seen immediately (3-6 h) after only Dox, MMC and UV (Figure 1a con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B destabilization of p21 protein Itoh and Linn, 2005; Soria et al., 2006) . Induction of p53, p21 and bax was delayed or abrogated by hHR23B siRNA after UV, Dox or MMC (Figure 1a -c). However, hHR23B siRNA had little effect on induction of p21 after etoposide, although p53 levels were generally lower ( Figure 1d ). After IR, hHR23B siRNA modestly attenuated early p21 induction (30% decrease at 3 h), but not p53 induction, and bax was not induced after either IR or etoposide ( Figure  1d and e). These results show that knockdown of hHR23B blocks both p53 stabilization and corresponding activation of at least two p53 target genes, specifically after UV, MMC and Dox. A less apparent impact of hHR23B depletion on either p53 stabilization or p21 induction is noted after etoposide or IR.
hHR23B-dependent accumulation of ubiquitinated p53 after DNA damage Given the requirement for hHR23B during physiologic p53 induction after DNA damage, along with its known protective effect on p53 degradation in unstressed cells (Brignone et al., 2004) , we investigated the consequences of hHR23B depletion on DNA damage-induced changes in p53 ubiquitination. p53-Ub conjugates accumulate transiently in cells exposed to gamma irradiation, although the mechanism of accumulation and function of the conjugates has not been determined (Maki and Howley, 1997) . Similarly, high-molecular-weight p53-immunoreactive species accumulated transiently (peak ¼ 6-16 h) after treatment of control siRNAtransfected U2OS cells with Dox ( Figure 2a ) and MMC (data not shown). Strikingly, hHR23B depletion abrogated the accumulation of ubiquitinated p53 in both MMC-(data not shown) and Dox-treated cells (Figure 2a) . Thus, the accumulation of ubiquitinated p53 species after genotoxic exposure is specifically dependent on the presence of physiologic levels of hHR23B.
To verify that high-molecular-weight ubiquitinated p53 species do accumulate after DNA damage, and to determine the lysine linkages of the observed conjugates, Figure 2 hHR23B-dependent accumulation of p53-Ub conjugates after DNA damage. (a) hHR23B-dependent high-molecularweight forms of p53 transiently accumulate after Dox exposure. U2OS cells were transfected with control or hHR23B-specific siRNA (30 h) followed by Dox treatment (2 mM) for indicated times and immunoblot analysis of cell lysates for p53, hHR23B and GAPDH. (b) K48-linked p53-Ub conjugates transiently accumulate after DNA damage. U2OS cells (100 mm dishes) were transfected (FuGene, Roche) with 5 mg of wild type, K48o or K63o HA-Ub expression plasmids (Wertz et al., 2004) hHR23B required for p53 activation and apoptosis M Kaur et al U2OS cells expressing HA-tagged Ub (Ub-wt), Ub-K48-only (Ub-K48o) and UB-K63-only (Ub-K63o) alleles were exposed to Dox, and lysates harvested at 0, 3, 6, 16 and 24 h were analysed by p53 immunoprecipitation (IP) and HA immunoblot. High-molecular-weight p53 conjugates containing Ub-wt accumulated and decayed with the same kinetics as the endogenous high-molecularweight p53 species noted in Figure 2a (Figure 2b) . Notably, K48-linked p53-Ub conjugates, which are of the type recognized by the hHR23 UBA domains (Raasi et al., 2004) , exhibited the same kinetics of post-DNA damage induction as Ub-wt-linked p53 conjugates, whereas K63-linked p53-Ub conjugates were present in untreated cells but strongly suppressed within 6 h after damage (Figure 2b ).
Requirement for hHR23B in genotoxin-mediated apoptosis To address whether hHR23B depletion might, in addition to attenuating p53 activation, also alter genotoxin-mediated apoptosis, hHR23B-depleted or control cells were treated with Dox and then analysed for sub-G1 DNA content (Figure 3a) . No significant changes in cell cycle profile were observed in hHR23B siRNA-treated cells, as compared with control cells after mock treatment (Figure 3a) . hHR23B depletion, however, markedly reduced the apoptotic fraction at 32 h after Dox treatment (5%), as compared to the apoptotic fraction observed in control siRNA-treated cells (21%) (Figure 3a) . These results indicate that Dox-mediated apoptosis requires physiologic levels of hHR23B.
To investigate whether hHR23B contributes to apoptosis caused by other genotoxins, the effect of hHR23B depletion on apoptosis induction and cell viability after treatment with UV, MMC, etoposide, IR, as well as Dox, was determined (Figure 3b and c) . Additionally, the effect of XP-C knockdown on genotoxin-induced apoptosis was also determined to help distinguish the contribution to cell death from hHR23B-dependent NER (as part of the XP-C complex) vs its other functions in protein stability regulation (Supplementary Figure S2) . hHR23B depletion before UV, MMC or Dox treatment resulted in a statistically significant reduction (relative reduction 28% MMC, 47% UV, 77% Dox) in apoptosis and increase in viability (relative increase 160% UV, 250% MMC, 300% Dox; Figure 3b and c). IR did not cause apoptosis or loss of viability in U2OS cells, and hHR23B siRNA thus had no impact (Figure 3b and c). hHR23B depletion also had no significant effect on apoptotic fraction or cell viability after etoposide treatment (Figure 3b and c) . The lack of a negative effect of hHR23B siRNA on etoposide-induced apoptosis also controlled for any non-specific effects of hHR23B siRNA on the apoptosis pathway, or of hHR23B itself on downstream events in apoptosis.
Robust XP-C depletion (Supplementary Figure S2a) , in comparison to the effects of hHR23B depletion, had no impact (etoposide, UV) or promoted (MMC, Dox) genotoxin-induced apoptosis (Supplementary Figure S2b) , suggesting that the inhibition of genotoxin-induced apoptosis and cytotoxicity due to hHR23B depletion could not be accounted for by a reduction in DNA repair efficiency. Thus, consistent with defective p53 and p53 target gene induction, apoptosis after Dox, or hHR23B-specific siRNA (black bars), followed (after 30 h) by treatment with Dox (2 mM), MMC (8 mg/ml), etoposide (1 mM), UV (50 J/M 2 ) or IR (15 Gy). At 32 h after initial genotoxic exposure, cells were stained with propidium iodide and analysed by FACS for sub-G1 content (b), or analysed for viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (c). In (c), the value obtained for mock and control siRNA-treated cells was set at 100%. Error bars represent 1.0 s.d. * Po0.01 and ** Po0.05. hHR23B required for p53 activation and apoptosis M Kaur et al MMC and UV was hindered after depletion of hHR23B, suggesting that hHR23B plays an important role in agent-specific genotoxin-mediated apoptosis that may depend on signals generated by specific types of lesions, such as the covalent adducts found especially after treatment with UV, MMC and Dox (Cutts et al., 2003; Pfeifer et al., 2005; Lee et al., 2006) .
Localization of hHR23B and ubiquitinated p53 in chromatin
To gain further insight into the potential association between hHR23B, ubiquitinated p53 and p53 transcriptional responses, U2OS cells treated with control or hHR23B siRNA were exposed to Dox, and the chromatin fraction probed for p53 and hHR23B (Figure 4a ). In control siRNA-treated cells, hHR23B and p53 were both found in chromatin before Dox exposure. Native p53 levels in chromatin were modestly induced (especially at 3 and 6 h) after DNA damage, whereas hHR23B levels were induced at 3 and 6 h and then fell at 16 and 24 h (Figure 4a ). Unexpectedly, hHR23B levels in chromatin from hHR23B siRNAtreated cells, although reduced at 0, 6 and 16 h, were not reduced at the 3 and 24 h time points (Figure 4a , middle panel), despite a reduction in level at those time points when assayed in whole-cell lysates from the same cells (Figure 4a, lower panel) . This may represent differential stability of hHR23B protein in chromatin vs. other cellular compartments, offsetting the decrease in total cellular hHR23B observed in whole-cell lysates.
As seen previously for p53 extracted in whole-cell lysates (Figure 2) , high-molecular-weight p53 species consistent with p53-Ub conjugates were found in chromatin after control siRNA treatment and Dox exposure (detectable at 3 and 6 h, peak at 16 h), but at a significantly reduced level (especially at 3, 6 and 16 h), after hHR23B siRNA treatment (Figure 4a, top panel) . Interestingly, the abundance of high-molecular-weight p53 species was most noticeably reduced at 16 h after 23B  p53  23B  23B  23B  23B  p53  p53  p53  p53  myc  -ab   siCon  si23B p21 promoter
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ChIP 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con 23B con a b Figure 4 hHR23B, p53 and p53-Ub localization to chromatin and the p21 promoter after DNA damage. (a) hHR23B-dependent high-molecular-weight forms of p53 transiently accumulate in chromatin after Dox exposure. Chromatin isolated as described (Szak et al., 2001 ) from cells transfected with control or hHR23B siRNA (30 h) and treated with Dox (2 mM) for the indicated times 30 h after siRNA transfection was immunoblotted for p53 and hHR23B. Crosslinks were reversed in the chromatin preparation before immunoblot analysis as described (Szak et al., 2001) . (b) hHR23B and p53 are coordinately recruited to the p21 promoter after DNA damage. (left panel) U2OS cells were treated with Dox (2 mM) for the indicated times, and hHR23B and p53 chromatin immunoprecipitations (ChIPs) analysed for the presence of the p21 promoter by PCR amplification of a 230 bp fragment (À2280 to À2050) as described (Szak et al., 2001) . Negative control ChIPs were performed with chromatin derived from untreated (time ¼ 0) cells using anti-myc antibody (myc) or protein G-Sepharose beads without antibody (-ab). (right panel) Chromatin prepared from U2OS cells treated with control or hHR23B siRNA for 30 h before treatment with Dox for 3 h was analysed by hHR23B ChIP.
hHR23B required for p53 activation and apoptosis M Kaur et al Dox treatment, which was the time point at which maximum depletion of hHR23B in chromatin by siRNA was observed. At 24 h, however, hHR23B levels in chromatin were distinctly lower than those at earlier time points, but equal between control and hHR23B siRNA-treated samples, and the levels of highmolecular-weight p53 species were likewise equivalent. Physiologic levels of hHR23B are thus required for the induction and maintenance of p53-Ub conjugates in chromatin after DNA damage.
hHR23B localizes to the p21 promoter To determine if hHR23B might serve a specific functional role in chromatin, the p21 promoter was analysed for the presence of hHR23B before and after genotoxic exposure (Figure 4b, left panel) , and in the presence or absence of control or hHR23B siRNA (Figure 4b , right panel). Sheared, crosslinked chromatin was immunoprecipitated with anti-hHR23B, negative control anti-myc or positive control anti-p53 antibodies, followed by disruption of crosslinks and p21 promoterspecific PCR reaction. Whereas no antibody and control anti-c-myc chromatin immunoprecipitations (ChIPs) of chromatin prepared from untreated (t ¼ 0) U2OS cells were devoid of the p21 promoter fragment (Figure 4b , left panel, last two lanes), anti-hHR23B and anti-p53 ChIPs captured limited (more for p53) but detectable amounts of the fragment ( Figure 4b , left panel; first two lanes). As expected (Szak et al., 2001) , p53 abundance at the p21 promoter dramatically increased by 3 h after Dox treatment, peaked between 6 and 16 h and declined at 24 h ( Figure 4b , left panel; t ¼ 3-24 h). hHR23B followed a similar pattern, with robust localization to the p21 promoter by 3 h, and continued increasing association through 24 h ( Figure 4b , left panel; t ¼ 3-24 h).
The specificity of the hHR23B ChIP for the detection of bona fide hHR23B and not an irrelevant crossreactive protein at the p21 promoter was confirmed by performing a similar ChIP on chromatin obtained from control or hHR23B siRNA-treated U2OS cells 3 h after Dox exposure. As shown in Figure 4b (right panel), substantially less p21 promoter fragment was observed in an anti-hHR23B ChIP of chromatin prepared from hHR23B vs control siRNA-treated cells. Thus, in U2OS cells, both p53 and hHR23B simultaneously load onto the p21 promoter within 3 h of DNA damagecoordinate with the first detection of ubiquitinated p53 species in chromatin and also preceding p21 induction that occurs at 16 h (Figure 1) after Dox treatment.
Of the agents tested in this work, UV, Dox and MMC shared a requirement for hHR23B to induce p53, bax, p21 and apoptosis, and also shared the property of causing covalent modifications of DNA (Cutts et al., 2003; Pfeifer et al., 2005; Lee et al., 2006) . Intriguingly, a role for NER (in which hHR23 has a role) has been proposed in the sensing or repair of UV-, MMC-and Dox-induced lesions (Robles et al., 1999; Kruczynski et al., 2004; Lee et al., 2006) . However, it does not appear that physiological levels of the hHR23 DNA repair partner protein XP-C were required for cell death, suggesting that hHR23B functions apart from repair were responsible for its impact on genotoxin-induced apoptosis. Moreover, mHR23B knockout mouse cells are not defective for NER, owing to compensation by mHR23A (Ng et al., 2002) , suggesting that human cells depleted for hHR23B are likewise competent for NER. Thus, loss of NER is not a likely explanation for the effects of hHR23B depletion observed in this work.
The mechanism by which hHR23B is recruited to and functions in chromatin, if not via repair complexes, especially with regard to p53 ubiquitination and p21 activation, remains unclear. Previous work has suggested that hHR23A can be recruited in a three-way complex to p53 in vivo via bridging by MDM2, which interacts with both p53 and hHR23A/B (Brignone et al., 2004) . If true, this model would predict that DNA damage, especially by UV, MMC and Dox, should increase the avidity or abundance of hHR23B/MDM2 complexes as a means of targeting hHR23B to the vicinity of p53 where it could stabilize p53-conjugated K48-linked Ub chain(s). Such an activity of hHR23 has been observed for model substrates (Wang et al., 2003; Raasi et al., 2004) .
The hHR23B-dependent accumulation of K48-linked p53-Ub conjugates after DNA damage correlated with p53 stabilization, p21/bax induction and apoptosis. p53-Ub conjugates could contribute to transcriptiondependent functions of p53, which are required for downstream p53 activities (Slee et al., 2004; Schuler and Green, 2005) . A role for such ubiquitin-transcription factor conjugates in transcription regulation has been proposed, as the ubiquitination of transactivators and the recruitment of whole (26S) or partial (19S) proteasomes have been associated with RNA polymerase II transactivation (Muratani and Tansey, 2003) . Moreover, the discovery of hHR23B loading onto the p21 promoter with p53 suggests that it, or similar Type II UbL proteins, might participate more broadly in activated transcription, either by stabilizing Ub chains, recruiting proteasomes or both.
